We report a reconfigurable optical filter chip based on the Si 3 N 4 waveguide platform. Microwave filtering is realized using a device with optical-to-electrical mapping. The filter chip is based on a lattice structure with the dual-ring-coupled Mach-Zehnder interferometers (DR-MZIs) as the basic elements. Both the lattice and ring couplers are tunable, making the chip reconfigurable to various filter functions. A theoretical model is developed to analyze its optical filtering performance. Measurement reveals that the filter passband can reach hundreds of megahertz in the lower limit and several gigahertz in the upper limit. Various orders of infinite impulse response filters are implemented with a tailorable passband. The flexibility in tuning filter center frequency and passband makes it suitable in high-resolution adaptable microwave signal front-end processing.
Introduction
With the increasing demand for transmission capacity in wireless networks, the traditional electronic circuit is not capable of achieving high-speed, broadband and low-power signal processing to maximize the carrying capacity [1] . In recent years, microwave photonic (MWP) processing has attracted considerable interests due to its key merits of broadband, light weight, low power consumption, flexible reconfigurability and immunity to electromagnetic interference [2] , [3] . Photonics-assisted microwave filtering is an elegant approach to ensure that certain frequency components can be extracted or rejected with a full control over the magnitude or phase responses. The photonic approach has shown superior reconfigurability and integration capability compared to their electrical counterparts.
To date, many different materials have been employed to build an integrated microwave photonic filter, such as indium phosphide (InP) [4] , [5] , silicon-on-insulator (SOI) [6] - [9] , hybrid InP-Si integration [10] , silicon nitride (Si 3 N 4 ) [1] , [11] - [16] , nonlinear chalcogenide glass (e.g., As 2 S 3 ) [17] etc. Besides, the constant improvement of fabrication maturity points toward large-scale integration of thousands of these functions with high uniformity and repeatability [18] , [19] .
Generally, optical filters can be categorized as finite impulse response (FIR) filters or infinite impulse response (IIR) filters based on the sources of the optical paths that take part in the interference. The interfering paths of FIR filter are always feeding forward with a finite number of delays and no recirculating (or feedback) delay paths. The Mach-Zehnder interferometer (MZI) is a typical FIR filter. On the contrary, the IIR filter, such as a ring resonator, has feedback paths so that output is actually the infinite sum of delayed versions of the input signal [20] . An optical structure, constructed by both MZIs and ring resonators, can combine the merits of both FIR and IIR filters with agile reconfigurability to reach various filter functions [1] , [6] , [8] , [21] - [23] .
In this paper, we propose and demonstrate a programmable microwave photonic filter built on the Si 3 N 4 waveguide platform. The basic unit is a dual-ring coupled MZI (DR-MZI), in which each arm of the MZI is loaded with a ring resonator. The entire device consists of two stages of DR-MZIs to form a lattice structure. All lattice and ring couplers are thermally tunable and the coupling ratio is variable from zero to one, making the device universally reconfigurable. The desired filter transfer function can be obtained through programming the multiple couplers. The content of the paper is organized as follows. Section 2 describes the working principle of the lattice filter with a mathematical derivation of the transfer function. Section 3 presents the device design and fabrication based on the low-loss Si 3 N 4 /SiO 2 waveguide platform. In Section 4, we report the experimental characterization of the device reconfigured to various optical filters with complementary outputs. The microwave photonic filtering is implemented based on phase-modulation to intensity-modulation conversion using the optical bandstop or bandpass filter in Section 5. Section 6 summarizes the work and draws the conclusions.
Device Structure and Principle
Figure 1(a) depicts the schematic structure of the optical filter comprising two stages of DR-MZIs in a 2 × 2 lattice architecture [24] , [25] . In order to make the filter reconfigurable, the originally fixed coupler is replaced by a tunable MZI-coupler as shown in Fig. 1(b) . The power splitting ratio or coupling coefficient can, therefore, be conveniently tuned from zero to one. It should be noted that the MZI coupler has tunable phase shifters in both arms, making the transmission phase and coupling strength independently controllable. The ring resonator has an optical roundtrip length of 6.1 mm, allowing for a group delay of 34.5 ps at the 1510 nm wavelength. Each ring resonator has a phase shifter to tune the resonance wavelength. We can reconfigure the structure to build various FIR and IIR filters by tuning the lattice and ring couplers. When the coupling coefficient of the ring is set to zero or unit, there is no resonant feedback and hence it behaves as an FIR filter. Otherwise, it becomes an IIR filter. The structure can be scaled to a more complex lattice filter by simply cascading more DR-MZI units at the front or back end.
We use the transfer matrix method to analyze the device performance. The 2 × 2 transfer matrix of the MZI coupler (lattice coupler) is expressed as
where φ ct = (φ 1 + φ 2 )/2 and φ t = (φ 2 − φ 1 )/2 are the common phase and the phase difference between the MZI coupler's two arms, φ 1 and φ 2 are the phases of the MZI's two arms. The power coupling coefficient is K t = cos 2 φ t . The transfer function of the coupling-tunable ring resonator is given by
where ρ r = e −j(φ cr +θ r ) sin φ r is the pole of the ring resonator, ρ * r is the complex conjugate of ρ r , z −1 = γe −jωτ is the optical transmission per roundtrip in the ring resonator, τ is the round-trip delay, γ is the loss factor (γ = 1 for a lossless ring resonator), and θ r is the phase shift in the ring resonator. The ring resonator power coupling ratio is then K r = 1 − |ρ r | 2 = cos 2 ( φ r ). It should be noted that the ring resonator becomes isolated when K r = 0, and it becomes a delay line (with a delay of τ) when K r = 1. The transfer matrix of the two arms of the DR-MZI is thus written as r = t ru 0 0 t rl (3) where t ru and t rl are the transfer functions of the upper and lower ring resonators. The final expression of the entire structure is the product of the individual components:
The device has two input ports and two output ports as shown in Fig. 1 . Assuming that the input is from In1, the transfer functions of the two output ports Out1 and Out2 are given by H 11 (λ) = (1, 1) and H 21 (λ) = (2, 1), respectively. The poles in the filter function are independently controlled by each ring resonator. However, the zeros are coupled together, affected by both the ring resonators and the lattice architecture.
Device Fabrication
The device was implemented on the low-loss Si 3 N 4 /SiO 2 platform, which has no two-photon absorption and the associated free carrier absorption effects commonly encountered in the silicon-oninsulator (SOI) platform. Therefore, our device can work under high optical power without significant deterioration of device performances. Fig. 2(a) shows the mask layout of the programmable optical filter. The inset illustrates the cross-section of the Si 3 N 4 waveguide. The waveguide is composed of two 170-nm-thick Si 3 N 4 strips with a vertical separation distance of 500 nm [26] . The waveguides were designed to operate at the 1550 nm telecom wavelength with a high modal birefringence and a low propagation loss [27] . The Si 3 N 4 waveguide core is embedded in the SiO 2 cladding. The waveguide sidewall is 8°. The waveguide width is 1.2 μm. The effective refractive index is 1.535 and the group index is 1.71 around the 1.55 μm wavelength for the transverse electric (TE) polarization [27]. The micro-heater is based on Cr/Au metals on top of the Si 3 N 4 waveguide. It has a width of 30 μm and a length of 1.5 mm. The resistance of the micro-heater is around 500 . The thermooptic coefficients (TOCs) of the Si 3 N 4 and SiO 2 material are 2.5 × 10 −5 K −1 and 1 × 10 −5 K −1 , respectively. Because of their relatively low TOCs, the power tuning efficiency of the micro-heater is about 0.34 W per π phase shift. The minimum pitch between a heater and an adjacent waveguide is 250 μm, which has a thermal crosstalk of −17 dB [27] . Fig. 2(b) shows the photograph of the fabricated device. The golden lines are the electrical wires to connect the micro-heaters to the bonding pads at the chip edges. The device size is 16 mm × 3.2 mm.
The straight waveguide propagation loss was measured to be less than 0.5 dB/cm [27] , much lower than that of the regular SOI waveguides of typically 2-3 dB/cm. The low propagation loss is in favor of implementation of a high-resolution optical filter. The TM polarization mode is not cut off in the waveguide, but it has much larger propagation and bending losses. The coupling loss of a single mode optical fiber to the Si 3 N 4 waveguide with unpolished facets is around 2-3 dB/facet.
Characterization of Optical Filters
We first characterized the device performance in the optical domain by measuring its two-port transmission spectra when the device is reconfigured to various filter functions. The input light from a wavelength tunable laser source (Yenista OPTICS, TUNICS T100S-HP) first went through a polarization synthesizer (General Photonics, PSY-201) to fix the polarization during wavelength scan. The light was set to transverse electric (TE) polarization before coupling into the chip. The transmission spectra were measured by using the all-band optical component tester (Yenista OPTICS, CT400) controlled by the computer. The reconfiguration of the optical filter was achieved by tuning the electrical voltages applied onto the micro-heaters. As we mentioned in Section 3, this structure was originally designed for a center wavelength of 1550 nm. However, the optimal operation wavelength was shifted to 1510 nm for the real device probably because of the dimension deviation caused by fabrication errors. In the measurement, we only focused on the 1510 nm wavelength.
We first calibrated all MZI tunable couplers before implementing the chip to a specific filter function. The tunable coupler can reach an arbitrary power coupling ratio (0 ≤ K t , K r ≤ 1) when one phase shifter in the two arms is tuned (φ u or φ l ) or both phase shifters are tuned in a push-pull manner (φ u = −φ l ). The push-pull tuning is achieved by increasing the thermal power in one arm while decreasing it in the other arm. It has the advantage of only changing the coupling ratio but not the phase because of φ ct = 0. The temperature of the chip can also be maintained when the amount of the increased thermal power is equal to the amount of the decreased thermal power during the push-pull tuning. In our measurement, however, we employed the single-arm tuning method due to the limited electrical voltage sources. We began with the simplest configuration where only a single-ring is coupled with a bus waveguide. This configuration was obtained by first tuning the three lattice and four ring couplers all to the bar states (K t , K r = 0) to establish a direct optical path from In1 to Out1 without resonance. The Out1 shows a flat-line transmission spectrum while Out2 has a very low transmission. Then, when the coupling ratio of one ring resonator was increased slightly, a resonance dip was generated in the Out1 spectrum as shown in Fig. 3 . The 3-dB optical bandwidth (BW) is about 8 pm (1.05 GHz) near critical coupling condition with a large than 30 dB extinction ratio. The free spectral range (FSR) is 0.22 nm (29 GHz). The insertion loss is around 6 dB, which mainly comes from the waveguide coupling loss. It can be seen that the resonance wavelength also shifts besides the resonance extinction ratio change. This is because of single-arm tuning of the ring coupler. The wavelength shift can be compensated by tuning the phase of the ring resonator. A similar resonance spectrum was obtained when tuning was performed to the other three ring resonators. The measured spectrum can be well fit using the theoretical model presented in Section 2. From the fitting, the coupling coefficients were derived as indicated in the graphs. Figure 4 shows the measured spectra for the single-ring coupled MZI. it was implemented by setting the two lattice couplers before and after the ring resonators to 3 dB coupling. The transmission spectra from both output ports were measured when the coupling coefficient of the ring coupler was tuned. The 3-dB optical bandwidth varies from less than 6 pm (790 MHz) to larger than 42 pm (5.53 GHz). The extinction ratio of the resonance notches and peaks increases with K r , exceeding 20 dB under strong coupling. Figure 5 presents the measured spectra for the configuration of an MZI coupled with a ring resonator in each arm. The coupling strength of the two ring resonators was set to be close. The filter bandwidth increases with a larger ring coupling coefficient. We adjusted the phase of the upper ring resonator relative to the lower one correspondingly to ensure the flatness of the passband. The out-of-band rejection ratio (OBRR) is larger than 30 dB when K ru and K rl approach 0.5. Figure 6 shows the measured spectra for the configuration of an MZI coupled with two ring resonators in the same arm. The spectrum of this configuration is considerably different from the previous one. The filter passband is split into two with a notch in the center. It should be noted that the splitting phenomenon is not because of the misalignment of the resonances. In fact, it is due to the accumulated phase change from the two ring resonators is doubled from 2π to 4π in one FSR when the two ring resonators are both over-coupled. Upon interference by the MZI, two peaks therefore are generated from the bar port when the phase difference between the two arms is π and 3π. The split passband can also be varied by changing the ring coupling ratio. With a stronger coupling, both the bandwidth and the separation become large. The separation of the split peaks is 9 pm and 18 pm for the two cases in Figs. 6(a) and 6(b) , respectively. The depth of the center notch reduces for the weaker coupling because of the influence of ring resonator loss. Such a dual-passband feature is useful in microwave signal processing, as it can simultaneously select two frequency tones. For example, it can be used to select the first-order sidebands for microwave frequency up-conversion in a coupling-modulated ring resonator [28] . Figure 7 shows the measured spectra for the triple-ring coupled MZI. We adjusted the internal phases of the ring resonators to change the passband width. The bandwidth tuning range is around 23 pm to 37 pm (3.03 GHz to 4.87 GHz), limited by the OBRR in the lower limit and the passband ripple in the upper limit. The coupling coefficients were kept fixed during ring phase tuning, although they have slightly different quantities upon fitting. It should be noted that the bandwidth tuning range can be expanded by changing the coupling coefficients together with the ring resonator internal phases. It requires a more sophisticated control algorithm to set the optimal condition. Because the structure incorporates three ring resonators, a better passband roll-off is achieved compared to the single-ring and double-ring filters in Fig. 4 and Fig. 5 . Figure 8 demonstrates the measured spectra for the quadri-ring coupled MZI. The maximum 3-dB optical bandwidth is 60 pm (7.9 GHz) with less than 1 dB ripple. The OBRR is about 18 dB. As in the previous case, we only tuned the relative internal phases of three ring resonators to show its bandwidth tunability. Figure 9 (a) presents the experimental setup to perform microwave filtering using the device. The laser light was modulated by a phase modulator (EOSpace, PM-5V5-40-PFU-PFU-UV) before coupling into the device. The PM was driven by a vector network analyzer (Agilent, N5247A). Polarization controllers were used in front of the PM and the device to set proper polarization states. The output optical signal was divided into two branches by a 50:50 optical splitter. One branch was connected to an optical spectrum analyzer (Yokogawa, AQ6370D) to monitor the spectrum after processing by the device. The other branch was connected to a photodiode (Discovery, DSC10H) and finally received by the VNA.
Microwave Photonic Filter Realization
The above system converts the filtering from the optical domain to the radio-frequency (RF) domain with two types of schemes. The first scheme utilizes the stopband of the optical filter to realize a microwave bandpass filter with the working principle schematically illustrated in Fig. 9 (b) [29] , [30] . The phase modulation of the laser light by an RF signal generates two sidebands with opposite phases. When one sideband falls into the stopband of the optical filter, it will be greatly suppressed, leaving the other sideband and the carrier to pass through. The beating of them in the PD recovers the RF signal. Therefore, the system converts the optical stopband into an RF passband with the same bandwidth. The center frequency of the RF passband is determined by the difference between the optical carrier and the optical stopband. The RF signal can be regenerated when one and only one of the two sidebands is attenuated. The microwave filter center frequency tuning range is one half of the free spectral range (FSR) of the optical filter.
The second scheme utilizes the passband of the optical filter to realize the microwave filter with the principle illustrated in Fig. 9(c) . Only when the carrier and one of the sidebands fall into the passband of the optical filter, can the beating of them in the PD regenerate the original RF signal. If two sidebands both reside in the passband, the RF signal cannot be recovered due to the opposite phases. In this way, the system converts the optical passband into an RF passband whose bandwidth may not be equal to the optical one. The microwave filter center frequency and bandwidth are affected by the relative position of the optical carrier in the optical passband.
We first performed the microwave filtering experiment using a single ring resonator as a bandstop filter (Fig. 3) . The coupling of the ring resonator is tuned to approach critical coupling with a large extinction ratio of ∼30 dB. Figs. 10(a) and 10(b) show the measured RF spectra when the ring resonance wavelength and the carrier wavelength are shifted. They basically have the same effect since the microwave filter center frequency is determined by the relative frequency difference between them. Because the ring resonance has periodic resonances separated by an FSR, the lower sideband or upper sideband could both possibly be rejected by the notch filter. Therefore, the effective RF frequency tuning range is less than FSR/2 = 14.5 GHz. The spectra in Fig. 10 cover one FSR, with a mirror symmetry with respect to the FSR/2 frequency. The π phase difference of the two sidebands after phase modulation is modified by the ring resonator nonlinear phase response. Even if the sideband components are not attenuated, the accumulated phase of each sideband after passing through the ring resonator is different which breaks the exact π phase difference condition. This leads to an increased background level in the RF spectrum. This effect is more significant when the two sidebands are separated far away close to one FSR under a high RF frequency. The out-of-band rejection ratio can be improved by using a higher-Q resonator. The RF 3-dB passband is around 1.3 GHz.
For high-order IIR filters, the optical passband becomes broader. We used the second scheme to implement the microwave filtering. The carrier wavelength was set inside the optical passband. Only when one of the sidebands remain in the passband can the RF signal be regenerated as illustrated in Fig. 9(c) . Fig. 11(a) more clearly illustrates how the conversion is accomplished. Assuming the carrier frequency is f c located inside the optical passband, the phase-modulation by an RF signal with frequency f 1 generates two new frequency tones f c ± f 1 . If they are both located within the optical filter passband, the beating of the three frequency components in the photodiode will cancel each other and the RF signal will not be regenerated. If the RF frequency is further increased to f 2 , the f c − f 2 frequency tone now moves outside the passband and is hence highly attenuated. The f c + f 2 frequency tone is still in the passband. Then, in this case, the two frequency tones have a large difference in magnitude. The beating of the remained f c and f c + f 2 components will generate a very strong RF signal. If the RF frequency continuously increases to f 3 , both of the two frequency tones f c ± f 3 reside outside the optical passband and removed by the optical filter, leaving only the optical carrier to pass through. As a result, there is no RF signal regenerated. From the above analysis, we can find that the RF passband width could be smaller than the optical passband width, depending on the relative position of the optical carrier in the optical passband. The RF center frequency can be tuned by shifting both the optical carrier and the optical passband. Fig.  11(b) shows the RF spectrum change when the carrier wavelength was shifted inside the optical passband. The optical filter used was a four-ring structure (see Fig. 8 ). The optical passband was set to be around 9 GHz. The RF passband width was tunable from around 3 GHz to 9 GHz. In Fig. 11(c) , we fixed the carrier wavelength while the optical bandwidth was increased. It can be seen that the RF passband was increased accordingly with an extinction ratio >20 dB. The RF passband width was tunable from around 2 GHz to 9 GHz.
Conclusion
A bandwidth reconfigurable microwave filter is highly demanded in broadband microwave signal processing. The photonics-assisted microwave filter overcomes the limitations in electronic systems, featuring broad bandwidth, light weight, low power consumption, and no electromagnetic interference. We demonstrated a microwave photonic filter on the Si 3 N 4 platform with high reconfigurability. The device is constituted by two stages of ring resonator-assisted MZIs, allowing for the implementation of various FIR and IIR filters. A theoretical model, based on the transfer matrix method, was established to analyze the filter performance. Experiments demonstrated that the device can be reconfigured to various orders of optical filters. The filter center wavelength is tunable within a 29-GHz FSR range and the bandwidth is tunable from sub-GHz (790 MHz) to several GHz (8.87 GHz). This device can work as a multi-purpose software defined a reconfigurable optical filter, potentially fulfilling multiple microwave photonics applications.
